Abstract: This paper describes a new expert system denominated MONOREG for structural determination of monoterpenes. This system is composed of five programs capable of performing 13 C NMR spectra data analyses and analyses of systematic data from living organisms. At the end of this procedure, it shows the likely skeletons of the compound in question as well as the substructures compatible with the 13 C NMR data. The system was tested on the skeleton elucidation of 40 monoterpenes from a wide variety of structure types and exhibited excellent results in the skeleton prediction process.
Introduction
The quick development of computers in the last decades has allowed researchers of a wide variety of knowledge fields to develop computational methods capable of aiding them in solutions of complex problems in their work (1) .
The programs that use computational techniques that try to simulate human reasoning to solve complex problems are called expert systems (2) . They act in the problem solutions of restricted domains, using an individual method based on a computational model of the specialist's logic.
Several types of problems are solved through expert systems, especially in scientific and technologic areas. Various examples of expert system for chemistry in the structural determination area may be cited,such as DENDRAL (3), ACCESS (4), DARC/EPIOS (5-9), SpecInfo (10) , and more recently, the Assemble 2.0 systems (11, 12) .
In the last couple of years, our research group has developed the SISTEMAT expert system (13, 14) , whose objective is to aid natural product researchers in the structural determination process of organic substances. For that, the SISTEMAT system utilizes, principally, 13 C NMR, mass spectrometry (MS), and systematic information (family, genus, and species) data. Thus, some natural product classes have been studied by us, for example, sesquiterpenes, sesquiterpene lactones, diterpenes, and triterpenes (15) (16) (17) (18) (19) , by using the programs of the SISTEMAT, to construct, at the end of the work, a system for elucidation of any terpenoid structure.
The aim of this paper is to present an expert system, denoted MONOREG, capable of structural determination of monoterpenes,.
Methodology
For the database, elaborations were collected from the literature (1960-95) of monoterpenes showing 13 C NMR or systematic data. The obtained monoterpenes were automatically encoded by our DATASIS program (20, 21) . The database we built for this work contains 2328 monoterpenes distributed in 158 different skeletons, 1369 13 C NMR spectra data, and 13 067 occurrences in 124 families of plants, marine organisms, and fungi. Can. J. Chem. Vol. 79, 2001 AcO OTig
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Data from 13 Table 4 . Skeleton probability shown by the SISOCBOT program. system. This procedure is done because the MACRONO program removes all the 13 C NMR signals corresponding to the substituent groups. Thus, the other programs of the MONOREG system, which carry out analysis and prediction of skeletons from 13 C NMR data, can in fact work with a better performance, showing a greater hit probability, once the chemical shift signals pertaining to the substituent groups are removed from and thereby do not interfere with the skeleton analysis.
To exemplify the use of the MACRONO program, a monoterpene pertaining to menthane skeleton, which was isolated from Sphaeranthus suaveolens -Compositae (24) (Fig. 1) , was selected. After the 13 C NMR experimental data are inserted in the system, the MACRONO program accomplishes the analysis by matching these data with the 13 C NMR data of the database. This analysis is performed with an error range previously chosen by the user. In this specific case, we have chosen d 1.0 as the error range. From this process, the program selects the most probable substituent groups for a data set. The proposed substituent groups for the monoterpene in Fig. 1 are displayed in Table 1 . We can verify, from the MACRONO program analysis, that the substituent groups proposed by the program (tigloyl and acetyl) are present in the monoterpene structure. It is necessary to point out here that, after removing the 13 C NMR signals of these substituent groups, the remaining chemical shifts, which belong to the rest of the structure, will be utilized by other programs of the MONOREG system.
The SISCONST program
The name of this program originates from the words SISTEMAT, which is our system's name, and the English word for constraint, and it is used as a constraint generator. The SISCONST program (25) performs 13 C NMR data analysis. From the chemical shifts and multiplicities of a given sample, the program predicts its' probable skeleton. After that, the program identifies the substructures (parts of a structure) with their suitable attributed signals compatible with the experimental 13 C NMR data and then shows them to the user.
The SISCONST program only selects substructures that have a minimum number of carbon atoms and their respective interlinked chemical shifts. This minimum number is chosen by the user, to whom it is suggested to select about half the total number of carbons of the chemical class in question. Hence, the minimum number for monoterpenes is always five carbon atoms.
The SISCONST program works by matching the signals of the experimental spectrum with those of all spectra stored in the database. If a spectrum signal and its respective multiplicity are present in a determined carbon atom, the signals of the interlinked carbons are matched with those from the experimental data. This searching process is repeated to obtain the largest substructures. All selected substructures will show a minimum number of the carbon atoms as requested by the user as well as the chemical shifts compatible with the experimental 13 C NMR data. The skeleton probability of the substance is computed from the compounds that have a substructure containing at least half of the total carbon number. So, from each chosen compound and for its skeleton, the program calculates the skeleton probability as previously described (25) .
The 13 C NMR data that remained after the MACRONO program analysis were submitted to SISCONST program. The program exhibited the skeleton probability (Table 2 ) and the two substructures with signal attributions (Fig. 2) . The substructures, when overlapped as in the DARC system (5-9), give a larger substructure compatible with the correct structure.
The C13MACH program
The C13MACH program executes 13 C NMR data analysis too. From the chemical shifts and multiplicities this program selects x-compounds (x may change from 1 to 50) that display higher similarity index (SI) with the experimental data according to the system of Bremser and co-workers (26) . From the listed compounds, the program computes the skeleton probability. In this program, the chemical shifts do not need to be necessarily interlinked like those in the SISCONST program.
For the monoterpene shown in Fig. 1 , the C13MACH program calculates the skeleton probability (Table 3) , and Fig. 3 shows the three compounds with a high similarity index in relation to the monoterpene tested.
The SISOCBOT program
The SISOCBOT program (23) was developed mostly to analyze botanical data. By this reason, it was given this name originating from the Portuguese words SISTEMAT, ocorrência (Engl. occurrence), and botânica (Engl. botanical). The program carries out the analysis of the information originated from the systematic classification of any organism. From the family and genus names of plants, marine organisms, fungi, etc., the program searches in the database for the number of skeleton occurrences present in the family and genus of the species in question. And then it estimates and supplies to the user the probability of finding any carbonic skeleton in the determined organism.
For the monoterpene displayed in Fig. 1 , the skeleton probability calculated by the SISOCBOT program is shown in Table 4 . Table 5 . Summary of the skeleton probability displayed by the MONOREG system.
The REGRAS program
The REGRAS program performs 13 C NMR data analyses. This program has two stages of analysis. Initially, the program carries out the 13 C NMR data disfunctionalization (27) , to propose, at the end of the analysis, the number of quaternary, methine, methylene, and methyl carbons on the skeleton of the substance in question. After obtaining these data, the program matches the types of carbon atoms found with a database containing this information for all the skeletons of a determined chemical class, thus getting all the likely skeletons of the substance. Secondly, from the proposed skeletons at the first step, the program accomplishes a search for possible skeletons through the characteristic chemical shift ranges. For each monoterpene skeleton, a set of chemical shift ranges was selected that characterize it toward other skeleton types (28) .
Summarizing, the REGRAS program exhibits two analysis steps: the first is a rough search, which is fundamental, by means of 13 C NMR data disfunctionalization. Skeletons that show a determined set of carbon atoms are selected. At the second analysis step, the program, from these previously selected skeletons, performs a fine search through the characteristic chemical shift ranges of each skeleton or subskeleton.
To test the REGRAS program, the 13 C NMR data of the monoterpene (Fig. 1) were analyzed. After the data disfunctionalization and search through the characteristic chemical shift ranges, the REGRAS program showed the following skeleton probability: menthane skeleton, 100.0%.
The global probability
At the end of all analyses, the results obtained from each program are combined, thereby generating a global probability. The global probability is computed from the weighed mean of the results of each program. Thus, the following weights 0.9, 0.7, 0.5, and 1.0 were assigned to programs SISCONST, C13MACH, SISOCBOT, and REGRAS, respectively. The weights assigned to each program varied from 0 to 1 and the vaules were obtained by testing 20 substances to assess the hit percental of each program. The global probability calculated for the monoterpene (Fig. 1) is shown in Table 5 together with the skeleton probabilities displayed by each program. Figure 4 shows the work flow chart of the PASCAL language written MONOREG system.
Results and discussion
To test the performance and efficiency of the MONOREG system, our option was to randomly collect the data of 40 new monoterpenes (Fig. 5 ) from recently published literature . These data, which are not yet inserted in our database, were then submitted to analyses in the programs. Ini- tially, the MACRONO program removed all the 13 C NMR chemical shifts signals attributed to the substituent groups. The remaining signals pertaining to the rest of the molecular skeletons were then tested in the other programs of the MONOREG system. The results obtained with the SISCONST, C13MACH, SISOCBOT, and REGRAS programs are shown in Table 6 . This table also exhibits the first three monoterpene skeletons suggested by the system (see Fig. 6 ), the global skeleton probability, their 13 C NMR data, and respective references.
From the results obtained and exhibited in Table 6 one can verify that the MONOREG system showed the correct skeleton for the compounds in 97.5% of the cases. Only in test XXVIII did the system not supply the correct skeleton of the substance because the 10-norionane skeleton is a new skeleton whose data were not present in our database. The most probable skeleton proposed by the system is, however, the biogenetic precursor. If we consider the tests of the substances whose skeletons are present in the database, the skeleton prediction percental hit of the MONOREG system was 100.0%.
Analyzing each program separately, the SISCONST program showed the correct skeleton in 85.0% of the studied cases, with the remaining cases distributed among incorrect skeletons (tests XVIII, XXVIII, and XXX) and tests where the program did not display skeleton prediction (tests III, XX, and XXIX).
In general it has been observed that the SISCONST program, even with having an 85.0% hit in skeleton prediction, can show wrong results in the following cases: (i) the number of the substances referring to such a skeleton is very small or nonexistent (tests XXVIII, XXIX, and XXX);
(ii) the compound shows a rare functionalization for such a skeleton (tests III and XX); or (iii) the 13 C NMR spectra The skeletons in italics represent the correct skeleton of the substance.
c
The correct skeleton is 10-norionane Table 6 (concluded).
data of the substance in question are very similar to those of other substance belonging to another skeleton (test XVIII). If one analyzes the SISCONST's results through the skeleton series, itcan be seen that the cyclogeraniolane series (XVIII-XXI) is the most atypical, as the results are not uniform. Regarding test XVIII, the incorrect skeleton proposed by the SISCONST program was that of ionane. However, this mistake can occur and be easily explained, since there are in the database data of several substances bearing the ionane skeleton, which present the structural nucleus of the substance XVIII. Concerning the tests XIX and XXI, the program furnished the correct skeleton of the substance, but, on the other hand, there was variation in percental hits observed. This occurred because the program considers the carbon numbers of the substructure selected in the analysis as well as the skeleton type which these substructures belong to. In test XX, the program did not provide skeleton prediction, because the substance shows an unusual functionalization for its corresponding skeleton as previously commented.
By comparing the results obtained by the C13MACH program, which showed the correct skeleton in 67.5% of the studied cases, with those of the SISCONST program, the SISCONST program is shown to be more efficient because it selects only monoterpenes that contain a minimum number of carbon atoms interlinked for skeleton prediction, whereas the C13MACH program does not have this restriction.
The REGRAS program predicted the correct skeleton of the compounds in 95.0% of the cases. Two errors were detected: (i) in test XXVIII, the program recongnized the correct disfunctionalization of the 13 C NMR data, however, during the search only the 1-ethylmenthane skeleton was found, as the 10-norionane skeleton is a new compound whose data was not registered in our database; and (ii) in test XXXI, the REGRAS program rendered incorrect disfunctionalization of the 13 C NMR data. This fact occurred with the chemical shift at 71.3 (s) ppm, which is related to C 8 . This chemical shift should not be disfunctionalized because it refers to a quaternary carbon. However, as this chemical shift is found in the C-OR range, established in the program (27) , it was disfunctionalized to a methine carbon.
In relation to the 40 tests here shown, the MACRONO program was used for 32 of them. In all 32 tests, the program correctly identified the substituent groups present in the respective substances.
The SISOCBOT program showed the correct skeleton of the substance in 68.75% of the cases. When the analyzed substance belongs to a genus that is absent in the database, the search may be accomplished at family level, however, as the result is less reliable, the search was only conducted at genera level present in the database. When we compared the results of the SISOCBOT program with those of the C13MACH program, we found that the former displayed a slightly higher percentual hit, thereby demonstrating the validity and importance of the systematic data for skeleton prediction of substances from natural sources.
Conclusions
The results of the analyses of monoterpenes in this work show an excellent performance of the programs comprised of the MONOREG system for the identification and skeleton prediction with 97.5% hits. From the obtained results, we can conclude that this system may be introduced as a valuable tool for the process of monoterpene skeleton determination, thereby increasing the spectral interpretation capacity of the researchers, once the characterization of the skeleton type of new natural products is at the crucial point in structural elucidation of these compounds.
The information obtained from the programs of the MONOREG system, such as skeleton types, substructures, probable substituent groups bonded to structures, might be utilized as a restriction module for the structure generator that is being developed for the expert SISTEMAT system, i.e., instead of the generator working with all the skeletons of a class of substance to start the process of generation of likely structures, it will only have to initiate the process utilizing just three or four first skeletons proposed by the MONOREG system. The immediate consequence of the utilization of this system on the structure generator will be the reduction of computational time and of the number of displayed structural proposals, hence avoiding the combinatorial explosion problem observed in other expert systems developed up to now (9, 11, 12, 56, 57) .
